
INTRODUCTION

Rehabilitation therapy contributes to neural reorgani-

zation of regions involved in motor recovery following 
stroke. For this reason, ability to live independently after 
stroke depends largely on improvement of motor func-
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Objective  To investigate neural correlates associated with recovery of motor function over 6 months in patients 
with basal ganglia (BG) stroke using acetazolamide (ACZ) stress brain-perfusion single-photon emission 
computed tomography (SPECT).
Methods  Medical records of 22 patients presenting first-ever BG stroke were retrospectively reviewed. Regional 
cerebral blood flow (CBF) and cerebrovascular reserve (CVR) were measured for 9 regions in each cerebral 
hemisphere (primary motor cortex, supplementary motor area, premotor cortex, prefrontal cortex, temporal 
lobe, parietal lobe, occipital lobe, BG, and thalamus). The Fugl-Meyer Assessment (FMA) motor score was used to 
assess motor function.
Results  After ACZ injection, CBF of all regions of interest (ROIs) increased compared with baseline. Baseline CBF 
of all ROIs was not significantly correlated with changes in FMA upper or lower motor score. However, multivariate 
analysis revealed CVR was significantly associated with change in FMA upper score in the ipsilateral primary 
motor cortex (R2=0.216, p=0.017), the ipsilateral parietal lobe (R2=0.135, p=0.029), and the contralateral primary 
motor cortex (R2=0.210, p=0.041).
Conclusion  CVR in the bilateral primary motor cortex and ipsilateral parietal lobe was associated with restoration 
of upper motor function 6 months after BG stroke. SPECT is a readily available imaging modality useful in studying 
brain residual function in patients with BG stroke.
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tion through rehabilitation therapy [1]. Basal ganglia (BG) 
are involved in higher-order motor control such as move-
ment planning and execution of complex motor syner-
gies [2]. In addition, BG play a critical role in motor skill 
acquisition by coordinating dynamic interaction among 
multiple neural networks in frontal and parietal cortices 
[3]. Thus, information on brain plasticity during motor 
recovery after BG lesion stroke may help clarify motor 
function rehabilitation. This study therefore included 
only BG stroke patients in to limit pathological heteroge-
neity that may occur in stroke patients with cerebral cor-
tex involvement.

Development of functional imaging techniques has 
greatly advanced our understanding of neural mecha-
nisms involved in rehabilitation. In particular, diffusion 
tensor imaging (DTI) and functional magnetic resonance 
imaging (fMRI) are frequently used to investigate changes 
in neural activity [4]. In studies using these imaging mo-
dalities, patients with good or complete motor recovery 
display activation patterns like healthy control subjects 
[5,6]. More recent data has emphasized the significance 
of corticospinal tract integrity for successful motor recov-
ery [7,8]. 

Currently, single-photon emission computed tomogra-
phy (SPECT) is the most readily available nuclear medi-
cine technique for assessment of cerebral hemodynamics 
[9]. Despite having lower spatial resolution, SPECT has 
higher sensitivity than perfusion-weighted imaging for 
detecting hypoperfused tissue [10]. Furthermore, SPECT 
is relatively inexpensive compared to fMRI and DTI and 
does not require a specialist for data analysis.

Several studies have used SPECT to investigate motor 
recovery in patients with stroke. Kononen et al. [11] used 
SPECT to assess stroke patients at rest before and 2 weeks 
after constraint therapy. Results of this study revealed 
increased perfusion in the precentral gyrus, premotor 
cortex, frontal cortex, and superior frontal gyrus of the 
affected hemisphere. Takekawa et al. [12] reported that 
improvement in perfusion of the superior and middle 
frontal areas was related to recovery of upper limb mo-
tor function in post-stroke patients following repetitive 
transcranial magnetic stimulation (rTMS). However, both 
studies evaluated only upper extremity function and ef-
fect of intervention such as rTMS and constraint-induced 
movement therapy. Park et al. [13] suggested that recov-
ery of gross motor function was correlated with baseline 

regional cerebral blood flow (CBF) and cerebrovascular 
reserve (CVR) in the affected supratentorial hemisphere 
of stroke patients. This study evaluated CVR only in pa-
tients with ischemic stroke, suggesting that CVR of the 
affected cerebral hemisphere is a significant predictor 
of recovery, regardless of lesion location. Despite wide-
spread use of SPECT, there have been few SPECT studies 
of patients with BG stroke that attempted to identify areas 
associated with long-term functional recovery. 

Thus, the purpose of this study was to use SPECT to 
identify regions that are associated with motor recovery 
6 months after BG stroke, and to analyze the relationship 
between CVR and change in motor function in patients 
with BG stroke. 

MATERIALS AND METHODS

Subjects 
We used a retrospective study design to analyze medi-

cal records of patients presented with BG stroke to Wonk-
wang University Hospital from January 2013 to December 
2015. All patients underwent brain computed tomogra-
phy (CT) or diffusion brain MRI within 24 hours of initial 
onset and were examined by a neurosurgeon or neurolo-
gist. Of these patients, only those who were first-ever 
stroke, were referred to the rehabilitation department 
and underwent brain SPECT during the hospitalization 
period were included in this study. 

Exclusion criteria included the following: (1) concur-
rent intracerebral hemorrhage or cerebral infarct in other 
regions; (2) past medical history of diseases impacting 
overt motor outcomes, such as Parkinson disease, spinal 
cord injury, and motor neuron disease; (3) any clinically 
significant or unstable medical condition or any neuro-
psychiatric comorbidity other than stroke. This study was 
approved by the Institutional Review Board of Wonkwang 
University Hospital (No. WKUH 201607-HRE-080).

Brain perfusion SPECT study
Baseline SPECT images and acetazolamide (ACZ) stress 

brain-perfusion SPECT images were obtained from all 
patients after admission. ACZ stress brain-perfusion 
SPECT (ACZ-SPECT) consists of a baseline SPECT image 
and an image acquired after ACZ administration. Both 
image types can be obtained during the course of 1 day 
[14].
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Baseline SPECT was obtained 60 minutes after intrave-
nous injection of 555 MBq of 99mTc-hexamethylpropyl-
eneamineoxime (HMPAO) using a dual-head detector 
gamma camera (Millennium MG; GE Medical System, 
Milwaukee, WI, USA). Fifteen minutes before the end of 
the baseline SPECT, 15 mg/kg of ACZ was injected intra-
venously, and another 1,665 MBq of 99mTc-HMPAO was 
injected following completion of the baseline SPECT. 
ACZ-SPECT was conducted 60 minutes after the second 
administration of 99mTc-HMPAO. 

SPECT images were acquired using low-energy high-
resolution parallel-hole collimator with a g-ray energy 
window of 140 keV±10% in a 128×128 matrix size. Sixty-
four step-and-shoot images were obtained with intervals 
of 2.8o for 15 seconds per step. SPECT images were re-
constructed with two iterations using ordered subset ex-
pectation maximization algorithm and regularized with a 
Butterworth filter.

Quantitative assessment of regional CBF and CVR
CBF was determined in each of 9 regions (primary mo-

tor cortex, supplementary motor area [SMA], premotor 
cortex, prefrontal cortex, temporal lobe, parietal lobe, 
occipital lobe, BG, and thalamus). The reasons for se-
lecting these each 9 areas are as follow. First, we tried to 
assess effects of brain area on motor recovery in as many 
cortical areas as possible, including the motor cortex and 
other areas associated with brain circuits for spontane-
ous movement [15]. Second, diaschisis has a significant 
effect on stroke recovery [16]. To minimize this effect, the 
infratentorial lesion, cerebellum, was excluded. 

Regions of interest (ROIs) on axial, coronal and sagittal 
images were identified, and counts per pixel were mea-
sured and averaged for each ROI. Finally, mean counts 
per pixel were normalized using total counts of the brain 
to minimize confounding factors such as differences in 
injected dose, time interval of imaging, and individual 
bio-distribution (Fig. 1). 

ACZ is a carbonic anhydrase inhibitor that penetrates 
the blood-brain barrier slowly and acts as a cerebral 
vasodilator agent [9]. Inhibition of carbonic anhydrase 
causes carbonic acidosis, that considerably increases re-

A B

Fig. 1. Measurement of the base-
line cerebral blood flow in each 
region of interest (ROI) using 
SPECT. ROIs on the axial, coronal, 
and sagittal images were recog-
nized, and then the counts per 
pixel of ROIs were quantitatively 
measured and averaged. Finally, 
the mean counts per pixel were 
normalized versus the total counts 
for the brain. (A) Basal ganglia. (B) 
Primary motor cortex.
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gional CBF [17,18]; up to 30%–60% is achieved in healthy 
subjects [19]. A significant increase in local CBF after 
administration of ACZ signifies collateral circulation is 
well developed even with significant stenosis of the ves-
sel; thus, normal cerebral perfusion pressure and vascu-
lar reserve are maintained. Therefore, perfusion SPECT 
provides valuable information in acute stroke regarding 
treatment choice and prognosis [20]. CVR was defined as 
preserved if CBF of stress SPECT was greater than that of 
baseline SPECT (Fig. 2). 

CVR (%)=
DRegional CBF (stress flow-baseline flow)

×100
Regional CBF (baseline flow)

Assessment of motor function
Several clinical and functional parameters that may 

impact motor outcome 6 months after BG stroke were 
investigated. We retrospectively reviewed clinical assess-
ments and collected information on demographics, type 
of stroke, affected hemisphere, and time between stroke 
onset and brain SPECT. 

The Fugl-Meyer Assessment (FMA) applied to each 
patient at the time of SPECT imaging and 6 months af-
ter stroke was used to assess motor function. The FMA 
consists of 5 domains (motor, sensory, balance, range of 
motion, and joint pain); however, for this study we only 
used the motor domain score to evaluate comprehensive 
motor function. The FMA motor domain ranges in score 
from 0–100 and includes an assessment of upper and 
lower extremities. Upper limb motor score ranges from 
0–66, while the lower limb motor score ranges from 0–34. 

Activities of daily living were assessed by the Korean 
version of the Modified Barthel Index. Additionally, the 

Korean version of the Mini-Mental Status Examination 
conducted at the time of SPECT was used as a measure of 
cognitive function.

Statistical analysis 
Baseline characteristics of the study group were sum-

marized as numbers and percentages for categorical vari-
ables. Continuous variables were summarized as mean 
and standard deviation. Distribution of data was assessed 
with the Kolmogorov-Smirnov test prior to group com-
parisons for quantitative variables. Simple correlation 
was used to identify confounding factors that may impact 
motor function recovery. Univariate regression analysis 
was used to analyze the relationship between baseline 
CBF and changes in FMA upper and lower motor score. 
Multivariate regression analysis was used to identify the 
relationship between regional CVR and changes in FMA 
upper and lower motor score. Analysis was conducted 
using SPSS ver. 22.0 (IBM, Armonk, NY, USA). The p-
values <0.05 were considered statistically significant. 

RESULTS

A total of 22 patients (60.3±12.4 years) were included in 
this study. Mean time from stroke onset to SPECT imag-
ing was 28.7±11.6 days. Nine of 22 patients had a cerebral 
infarction, while 13 patients had a cerebral hemorrhage. 
Average FMA upper motor score was 22.6±13.6 and aver-
age lower motor score was 18.2±7.2 (Table 1). 

Following ACZ injection, the CBF of all the ROIs was in-
creased over baseline. A mean CVR increase of 12.3% was 
observed across all regions (Table 2). 

A B

Fig. 2. Calculation of the cere-
brovascular reserve (CVR). After 
acetazolamide injection, CVR was 
measured as a percentage of the 
recovery of the blood flow relative 
to the baseline. (A) There are ar-
eas of severe hypoperfusion in the 
left basal ganglia at baseline. (B) 
After injection, a significant im-
provement of perfusion was dem-
onstrated, suggesting preserved 
CVR.
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We conducted simple correlation analyses to identify 
confounds in the relationship between CBF and motor 
recovery and found that age (R2=0.102, p=0.035), FMA 
upper motor score (R2=0.345, p=0.025) and FMA lower 

motor score (R2=0.215, p=0.039) significantly correlated 
(Table 3). After adjusting for these confounding factors, 
we analyzed the relationship between changes of FMA 
upper and lower motor score and baseline CBF using 
univariate regression analysis. Baseline CBF was not 
correlated with changes in FMA motor upper and lower 
score in any ROI (Table 4). After ACZ administration, Table 1. Baseline characteristics of the subjects (n=22)

characteristic Value 
Age (yr) 60.3±12.4

Sex

   Male 16 (72.7)

   Female 6 (27.3)

Stroke type

   Infarction 9 (40.9)

   Hemorrhage 13 (59.1)

Lesion side

   Left 11 (50.0)

   Right 11 (50.0)

Elapsed time for SPECT (day) 28.7±11.6

Motor score of FMA

   Upper, affected 22.6±13.6

   Lower, affected 18.18±7.2

K-MBI 49±16.3

K-MMSE 22.9±8.3

Values are presented as mean±standard deviation or num-
ber (%). 
SPECT, single-photon emission computed tomography; 
FMA, Fugl-Meyer Assessment; K-MBI, Korean version 
of Modified Barthel Index; K-MMSE, Korean version of 
Mini-Mental Status Examination. 

Table 2. Changes of the baseline cerebral blood flow after acetazolamide administration according to regions of inter-
est

ROI
Ipsilateral Contralateral

Base CBF 
(×106)

Stress CBF
(×106)

CVR (%)
Base CBF

(×106)
Stress CBF

(×106)
CVR (%)

BG 43.0 46.0 14.2 49.0 52.3 11.7

Thalamus 41.0 44.0 12.8 45.0 47.6 11.2

Prefrontal cortex 40.0 44.0 12.6 44.0 47.2 11.7

SMA 41.0 45.0 12.1 43.0 46.9 12.4

Premotor cortex 40.0 47.0 20.8 44.0 47.0 9.7

M1 39.0 43.0 13.7 42.0 45.5 11.0

Parietal lobe 40.0 44.0 14.1 44.0 47.6 12.3

Temporal lobe 38.0 42.0 13.3 42.0 45.2 10.1

Occipital lobe 46.0 49.0 9.9 48.0 49.9 7.2

ROI, region of interest; CBF, cerebral blood flow; CVR, cerebrovascular reserve; BG, basal ganglia; SMA, supplemen-
tary motor area; M1, primary motor cortex.

Table 3. Relationship between motor outcome 6 months 
post-stroke and probable confounding factors for motor 
recovery

Variable
DFMA

Coefficient of 
correlation

p-value

Age 0.102 0.035*

Sex 0.012 0.957

Stroke type 0.327 0.138

Lesion side 0.324 0.142

Elapsed time for SPECT (day) 0.218 0.329

Motor score of FMA

   Upper, affected 0.345 0.025*

   Lower, affected 0.215 0.039*

K-MBI 0.013 0.859

K-MMSE 0.011 0.723

SPECT, single-photon emission computed tomography; 
FMA, Fugl-Meyer Assessment; K-MBI, Korean version 
of Modified Barthel Index; K-MMSE, Korean version of 
Mini-Mental Status Examination. 
*p<0.05.
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change in FMA lower motor was not correlated with ROI 
(Table 5). However, CVR of the ipsilateral primary motor 
area (M1, R2=0.216, p=0.017), the parietal lobe (R2=0.135, 
p=0.029) and contralateral M1 (R2=0.210, p=0.041) were 
all significantly correlated with the change of FMA upper 
motor score (Table 5, Fig. 3).

DISCUSSION

In this study, we investigated the relationship between 
motor recovery at 6 months post-BG stroke and CVR. 
Results reveal that CVR of the bilateral M1 and the ipsi-
lateral parietal lobe shortly after BG stroke predict upper 
motor recovery at 6 months post-stroke. However, in this 
study, lower limb FMA score was not significantly associ-
ated with motor recovery. We suggest that the reason for 
this difference is as follows.

First, there is a fundamental difference between ner-
vous control of upper and lower limb movement. Upper 
limb movement is under cerebral-cerebellar control [21], 

while gait of lower limbs are under control of spinal in-
terneurons in the central pattern generator [22]. Second, 
there is a difference in behavior pattern between upper 
and lower limbs. Arms and hands are used for voluntary 
reaching, grasping, and manipulation of objects, whereas 
legs are mostly involved in locomotion [23]. Third, in the 
motor score of FMA, upper extremity score is 66 points, 
while lower extremity score is 34 points. Lower extremity 
motor score is lower than upper extremity, so ability to 
assess functional recovery may be less sensitive in lower 
limbs compared to upper limbs. 

Many studies have demonstrated that several brain 
regions and their interaction contribute to recovery of 
motor function after stroke. Specifically, several fMRI 
studies have revealed that ipsilateral M1 is crucial for 
motor recovery and functioning after stroke [24-26]. 
Meta-analysis of data from patients with chronic stroke 
revealed that changes in patterns of ipsilateral medial-
premotor and M1 activity predict motor recovery, sug-
gesting that these areas may be excellent biomarkers for 

Table 4. Correlation between the baseline cerebral blood flow of each ROI and the changes of FMA motor score

DFMA (upper) DFMA (lower)
Coefficient of correlation p-value Coefficient of correlation p-value

Ipsilateral

   BG 0.199 0.065 0.002 0.849

   Thalamus 0.025 0.521 0.051 0.352

   Prefrontal cortex 0.105 0.176 0.026 0.512

   SMA 0.154 0.097 0.001 0.923

   Premotor cortex 0.116 0.153 0.001 0.879

   M1 0.002 0.853 0.024 0.523

   Parietal lobe 0.001 0.918 0.104 0.177

   Temporal lobe 0.034 0.447 0.002 0.988

   Occipital lobe 0.013 0.649 0.111 0.164

Contralateral

   BG 0.020 0.568 0.002 0.953

   Thalamus 0.096 0.196 0.031 0.965

   Prefrontal cortex 0.118 0.151 0.044 0.389

   SMA 0.003 0.840 0.010 0.412

   Premotor cortex 0.104 0.177 0.068 0.282

   M1 0.021 0.556 0.104 0.176

   Parietal lobe 0.086 0.222 0.024 0.526

   Temporal lobe 0.087 0.221 0.060 0.314

   Occipital lobe 0.009 0.694 0.154 0.096

ROI, region of interest; DFMA, difference of Fugl-Meyer Assessment between initial and 6 months post-stroke value; 
BG, basal ganglia; SMA, supplementary motor area; M1, primary motor cortex.
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sensorimotor recovery [25]. Another study reported that 
greater functional connectivity of ipsilateral M1 with 
contralateral thalamus, SMA, and middle frontal gyrus 
at stroke onset predicts motor recovery at 6 months post-
stroke [26]. Consistent with these studies, we report that 
CVR of ipsilateral M1 was significantly associated with 
motor recovery in our sample of BG stroke patients. 

In addition to these findings, we also report that CVR in 
contralateral M1 predicted motor recovery post-stroke. 
Longitudinal fMRI studies have revealed that gradually 
increasing activity in the contralateral M1 and premotor 
cortex is positively correlated with functional recovery in 
severely impacted patients. This indicates that stroke pro-
motes cortical reorganization to support motor function 
of the affected hand [27]. Additionally, fMRI data sug-
gest that rTMS of contralateral M1 may normalize neural 
activation within the cortical motor network following 
subcortical stroke [28]. Findings of these studies and our 
study demonstrate the significance of contralateral M1 

activity in motor function recovery post-stroke.
The parietal lobe has recently gained attention for its 

role in recovery of motor function after stroke. Patients 
with stroke reveal enhanced reciprocal connectivity 
between M1 and anterior intraparietal sulcus of the ip-
silateral hemisphere compared with healthy controls 
[29]. It has also been reported that integrity of tracts that 
connect the ventral premotor cortex, M1, anterior intra-
parietal sulcus, and ventral premotor cortex is correlated 
with motor function [30]. Here, we demonstrate the pari-
etal lobe plays a crucial role in motor recovery in patients 
with BG stroke. 

In addition to bilateral M1 and ipsilateral parietal lobe 
findings discussed above, other studies have demonstrat-
ed that premotor areas and the SMA are associated with 
motor recovery after stroke. Following a stroke, the brain 
reorganizes by engaging a dynamic neural network that 
includes the premotor area of both hemispheres [31,32]. 
In an investigation of motor cortical areas that participate 

Table 5. Relationship between the cerebrovascular reserve and the change of motor outcomes after 6 months

DFMA (upper) DFMA (lower)
Coefficient of correlation p-value Coefficient of correlation p-value

Ipsilateral

   BG 0.199 0.065 0.002 0.849

   Thalamus 0.025 0.521 0.051 0.352

   Prefrontal cortex 0.105 0.176 0.026 0.512

   SMA 0.154 0.097 0.015 0.923

   Premotor cortex 0.116 0.153 0.021 0.879

   M1 0.216 0.017* 0.024 0.523

   Parietal lobe 0.135 0.029* 0.104 0.177

   Temporal lobe 0.034 0.447 0.031 0.988

   Occipital lobe 0.013 0.649 0.111 0.164

Contralateral

   BG 0.020 0.568 0.013 0.953

   Thalamus 0.096 0.196 0.141 0.965

   Prefrontal cortex 0.118 0.151 0.044 0.389

   SMA 0.003 0.840 0.040 0.412

   Premotor cortex 0.104 0.177 0.068 0.282

   M1 0.210 0.041* 0.104 0.179

   Parietal lobe 0.086 0.222 0.024 0.526

   Temporal lobe 0.087 0.221 0.060 0.314

   Occipital lobe 0.009 0.694 0.154 0.196

DFMA, difference of Fugl-Meyer Assessment between initial and 6 months post-stroke value; BG, basal ganglia; SMA, 
supplementary motor area; M1, primary motor cortex.
*p<0.05.
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in motor imagery performance in stroke patients, it was 
found that bilateral SMA and ipsilateral M1 are useful 
for monitoring compliance in stroke patients [33]. In this 
study, we did not detect correlation between either the 
SMA or premotor area and recovery of motor function.

SPECT and fMRI are functional neuroimaging modal-
ity for assessing brain activity [34], and the same results 
as in other fMRI studies for stroke patients were noted in 
this study. However, since SPECT measures CBF whereas 
fMRI evaluates of brain metabolism, it is a limitation of 
this study to apply the above fMRI study results directly to 
this study. However, our results suggest that the M1 and 
ipsilateral parietal lobe are of pre-eminent significance. 
More research is needed to clarify the cause of discrep-
ancy between our results and those reported by others 
to identify which brain regions and their interaction are 
most critical for motor recovery after stroke.

SPECT is the most readily available nuclear medicine 

technique for assessment of cerebral hemodynamics [9], 
and is less expensive than either fMRI or DTI. SPECT can 
detect changes in blood flow with high sensitivity (61%–
74%) and specificity (88%–98%) immediately after onset 
of symptoms [35]. Several studies have demonstrated 
usefulness of brain SPECT in conjunction with ACZ for 
evaluation of vascular reactivity in patients with various 
types of vaso-occlusive disease [9]. Based on those ad-
vantages, we selected SPECT for this study.

This study has several limitations. First, because this 
was a retrospective case-control study in a center, it is 
possible that there was selection bias. This study also 
had a limited number of participants. Secondly, be-
cause SPECT has less resolution than fMRI, anatomical 
localization was difficult in the lobe, making distinction 
between primary somatosensory cortex and posterior 
parietal cortex challenging. Thus, in the future, a larger, 
multi-center prospective study that uses higher resolu-
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Fig. 3. Neural correlates of motor recovery 6 months 
post-BG stroke. The restoration of blood flow in bilateral 
primary motor cortex and ipsilateral parietal lobe were 
significantly related to the improvement of upper mo-
tor function. (A) Ipsilateral primary motor cortex. (B) 
Ipsilateral parietal lobe. (C) Contralateral primary motor 
cortex. BG, basal ganglia; CVR, cerebrovascular reserve; 
FMA, Fugl-Meyer Assessment.
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tion SPECT techniques than are available today will be 
necessary to understand motor networks that mediate 
long-term recovery in patients with BG stroke.

In conclusion, CVR in bilateral M1 and ipsilateral pari-
etal lobe predicted restoration of upper motor function 
after 6 months in BG stroke patients. This study demon-
strates the usefulness of SPECT imaging in determining 
residual brain function in BG stroke patients. 
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